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NOMENCLATURE 

major radius of an ellipse, m 
vulnerable area, m2 
minor radius of an ellipse, m 
meteoroid concentration, particles/m3 
sonic velocity (gc E ,  p;l)", m/sec 
projectile diameter, m 
altitude to the essential meteoric envelope near 
the planet's surface, m 

bulk modulus of elasticity, g/m2 
failure rate, sec-' 
planet's geometrical factor 
gravitational force; at Earths surface, it is 

9.807 m/sec2 
planetary surface gravitational force normalized 

to Earth's gravitational force, dimensionless 
hardness property (gc H ,  p;')", m/sec 
brinell hardness, g/m' 
normalized flux intensity, Eq. (36), dimensionless 

integrated angle dependency factor, Eq. (30), 
dimensionless 

constant 
meteoric particle mass, g 
material parameter 
crater depth, m 
probability of n impacts 
space location 
planetocentric distance, m 
protection requirement ratio for an interplane- 

tary mission relative to that for a near-Earth 
orbital mission [ Eq. (%)I, dimensionless 

planet shielding factor 

t time, sec 
T total time, sec 
u meteoroid relative velocity, m/sec 
a cumulative meteoroid flux-intensity parameter 

/3 
y empirical parameter 
A armor thickness, m 
c eccentricity 
9 empirical parameter 
cp empirical parameter 
A 

flux gradient of the cumulative mass distribution 

angle from the surface normal, deg 
cumulative meteoroid flux, 

number of particles/mz sec 
9 empirical parameter 
8 true anomaly angle, deg 

p 

p meteoroid particle density, g/m3 

+ erosion depth, micron 
0 

Subscripts 

gravitational parameter (Ref. a), m3/sec2 

heliocentric direction of meteoroids, rad 

c constant or near-Earth 
P Earth 

P planet 

P meteoroid particles or projectile 

o reference 
8 solar or spatial 

6 / C  spacecraft 

7 target 
D variable or interplanetary 

z selected 

V 
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TERMINOLOGY 

Meteoroid. A solid object in interplanetary space whose 
origin is of cometary, asteroidal, or of secondary 
meteoritic generation. 

Meteor. A meteoroid which enters the atmosphere of a 
planet and produces light. 

Meteorite. A meteoroid which reaches the planet’s sur- 
face without being completely vaporized. 

Meteoric. Of or pertaining to meteoroids located in space 
whether or not the space includes an atmosphere. 

Meteoroidal. Of or pertaining to meteoroids located spe- 
cifically in interplanetary space. 

Cometary. Of or pertaining to comets. 

Asteroidal. Of or pertaining to asteroids. 

VI 
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ABSTRACT 

J 
A study of spacecraft component and system protection require- 

ments for the resistance of meteoroid penetration damage is presented 
for various planetary and interplanetary missions. Meteoroidal charac- 
teristics and their distributions in planetary, asteroid belt, and inter- 
planetary space regions are discussed. A meteoroid model derived 
from this study is applied to typical missions for nuclear-electric 
spacecraft, and corresponding meteoroid flux-intensity profiles are 
determined. 

A technique to estimate the armor requirement for any interplane- 
tary mission is developed and discussed. The armor requirement for 
interplanetary missions is compared to that for near-Earth conven- 
tional estimates and applied to the radiator systems of a 
500-kwe nuclear-electric spacecraft. 

1. INTRODUCTION 

Meteoric matter in space is capable of damaging 
spacecraft systems to the degree of jeopardizing the 
success of scientific space exploration. Protection re- 
quirements to resist meteoroid impact damage are there- 
fore necessary for increased spacecraft reliability during 
interplanetary or planetary spacecraft missions. 

Three sources of information that play a major role in 
establishing spacecraft system protection requirements 
for the resistance of meteoroid penetration damage are 
astronomy, satellite and space-probe research, and 
hypervelocity-projectile impact studies. The nature, prop- 
erties, and impact effects of meteoric matter have been 
postulated from interpreted data obtained from observa- 
tions, measurements, and theoretical approximations. 

To determine the probable meteoric flux that will be 
encountered by spacecraft in space, the spacecraft trajec- 
tory and meteoroid distribution along the trajectory must 
be known. For most interplanetary spacecraft flights, 
the trajectory includes spiral-out to escape, heliocentric 
transfer, and planetary encounter phases. The meteoroid 
flux distribution can be estimated for planetary, asteroid, 
and interplanetary regions. From these data, a probable 
meteoroid flux profile for such trajectories can be con- 
structed. 

Since it is not feasible to protect a spacecraft system 
for a zero probability of meteoroid penetration, the prob- 
lem confronting the system designer is the tradeoff be- 
tween system reliability and system mass economics 
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integrated over the desired operational time. System 
reliability must be sufficiently high so that the success 
of scientific missions will not be overly jeopardized, and 
system mass must be sufficiently low so that an accept- 
able scientific payload may be delivered. 

Protection requirements are a function of many param- 
eters, which include vulnerable area, exposure time to 
the expected meteoroid flux, desired probability of no 
penetration damage, meteoroid characteristics, and sys- 
tem material properties. Armor and bumper-shielding 
techniques are currently the most feasible protection 
systems. Armor protection, relative to bumper-shielding 
protection, is generally a more significant item in space- 
craft design because of its greater mass contribution to 
a spacecraft system. 

The critical subsystems of a nuclear-electric spacecraft 
requiring armor-type protection are the heat-rejection 
radiators, propellant storage tank, control mechanisms, 
and fluid-transfer lines. Some systems may inherently 
possess a reasonably high resistance to meteoroid impact 
damage simply by the nature of their configurations. The 
boiler, for example, usually contains enough wall material 
to provide a high degree of resistance to penetration dam- 
age. As another example, a star-seeker has by nature a 
small exposed area and hence requires relatively little 
protection from the meteoroid environment. In this study, 
the heat-rejection radiators of the power-generation sys- 
tem, because of their high vulnerability, will serve as a 
representative component requiring armor-protection 
consideration. 

Armor thickness is often estimated by assuming the 
meteoroid flux to be that of near-Earth and remaining 

constant over the mission lifetime. This concept usually 
results in massive systems that have unrealistic and intol- 
erable armor requirements for interplanetary missions of 
present interest. 

An investigation of the various regions that may be 
encountered by an interplanetary spacecraft indicated 
that the meteoroid flux, density, and impact velocity, vary 
extensively. In addition, geometrical parameters of a 
spacecraft component influence the exposure to the ex- 
pected meteoroid environment. When the variable nature 
of these parameters is accounted for, a more sophisticated 
calculational procedure is required to determine realistic 
protection requirements to resist meteoroid penetration 
damage. This procedure is developed in this study. 

The nature of meteoroids in the various regions tra- 
versed during a planetary or interplanetary mission is 
studied to develop a meteoroid model. A selected 
meteoroid-penetration resistance criterion is incorporated 
with the spacecraft trajectory and the meteoroid model 
to yield an estimated flux-intensity profile for the mission. 

The flux-intensity profile is used to evaluate the 
meteoroid particle mass which corresponds to a specified 
probability of no penetrating impacts. The minimum 
meteoroid particle mass associated with this probability 
can be compared to that for the near-Earth constant-flux 
region from which a ratio of protection requirement for 
a specified interplanetary mission to a near-Earth orbital 
mission can be obtained. This ratio can be used to evalu- 
ate the armor protection necessary for the interplanetary 
mission to meet a specified probability of no meteoroid 
impact damage. 

11. NATURE OF METEOROIDS 

The accumulated data from measurements and theo- 
retical analyses reveal that the nature of meteoric matter 
in space is quite variable and anisotropic. The heliocen- 
tric motion is both direct and retrograde. Various per- 
turbation effects influence the direction and distribution 
of meteoric matter. Regional meteoroid concentrations 

and flux vary by orders of magnitude. Geocentric particle 
velocity varies up  to about 80 km/sec. The density of 
meteoroids ranges from approximately 0.01 to 8 g/cm3. 
Composition and structural characteristics also vary in 
a range from hypothetical porous (icy-type) models to 
stony and metallic solid objects. 

2 
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In view of this known maze of variable characteristics, 
it is difficult to assign an average value to each of these 
meteoroidal parameters for the planetary and interplane- 
tary regions. Complete foreknowledge covering these 
meteoroidal characteristics may never be attainable be- 
cause of the uncertain and continuously varying devel- 
opments of meteoric matter in the extensive spatial 
environment. Because of the scanty and limited data 
accumulated from astronomical and satellite and space- 
probe research, an attempt to develop a meteoroid model 
at this early stage may therefore be considered at  best a 
conjecture. However, average integrated values cover- 
ing the variable meteoroidal characteristics may be 
reasonably selected for the purpose of estimating con- 
servative protection requirements necessary to resist 
meteoroid impact damage to spacecraft systems and mm- 
ponents. Before proceeding to describe the proposed 
meteoroid model for the various regions which are trav- 
ersed during a planetary or interplanetary mission, it 
may be well to briefly describe the general nature of 
meteoric matter in space. 

Meteoric matter may be classified as asteroidal or 
cometary. About 90% of the total meteoric debris ac- 
creted by the Earth is associated with present or past 
comets; the remainder is contributed by asteroidal matter. 
There seems to be no evidence that comets have an inter- 
stellar origin. All appear to be permanent members of 
the solar system. About half of them move in direct orbits, 
while the remaining half are in retrograde motion. The 
majority of the observed comets move in planes tilted at 
nearly right angles (60 to 130 deg) to the plane of the 
ecliptic, with very few lying in this plane. The debris 
having orbits of great inclinations are believed to be 
long-lived and are less likely to be dispersed due to the 
smaller probability of being perturbed by the planets. It 
appears that the majority of near-parabolic comets have 
perihelion distances that are well within 2 AU. About 
43% of the cumulative number of these comets pass 
inside the Earth's orbit and about 87% pass within 2 AU 
(Ref. 1). The very few found far from the Sun are be- 
lieved to be very large comets, and may represent a 
multitude of comets appearing to be integrated as one 
comet. 

Periodic comets, observed at more than one apparition, 
move in the same direction as the planets. The majority 
of such comets have orbital planes tilted at less than 45 
deg to that of the Earth's. Only Hdley's comet has an 
orbital inclination exceeding 90 deg. The most common 
eccentricities of short-period comet orbits are found to 
be around 0.5. Their perihelion distances predominately 

range between 1 and 2 AU, with very few passing within 
the Earth's orbit (Ref. 1). 

The material of a comet is dispersed by a wide variety 
of operating mechanisms and forces. Continual loss of 
material into the comet's tail is primarily due to partic- 
ulate collisions, electrical repulsion produced by photo- 
electric action of sunlight, and cosmic rays. Existing 
cohesive forces and gravitational attraction oppose the 
forces which tend to disperse cometary fragments. 

All short-period comets undergo many perturbations 
and are constantly disintegrating. Their low inclinations 
keep them near the Earth's orbital plane. As the particles 
become dispersed, they become thinly spread around 
their vast orbit, thus increasing the chances for a space- 
craft to encounter the particles. Since the majority of 
periodic comets which can supply meteors stay outside 
the Earth's orbit, it is assumed that much undiscovered 
meteoric debris exists in orbits at various inclinations 
between the planets. However, it seems highly improb- 
able that comets moving in short-period orbits with a 
high inclination to the ecliptic plane have escaped de- 
tection. 

Stream and sporadic meteors are believed to be associ- 
ated with present or past comets. Similar to comets, the 
orbital inclinations for both stream and sporadic meteors 
are high and predominately lie within 35 deg. The orbital 
inclinations tend to increase with increased periods, 
which indicates that particle concentration increases 
toward the plane of the ecliptic with decreasing solar 
distances. It is believed that many meteor showers, such 
as the Perseids, continue in their same path and gradually 
become uniformly spread around their entire orbit. Some 
particles of meteor showers move in parallel paths very 
close to the comet orbit; others are bunched near the 
parent comet and represent early stage formation, thereby 
possessing low particle density. 

Large meteor particles, sometimes defined as fireballs, 
are rare among shower meteors. No meteorite has been 
identified with any known meteor shower. It is therefore 
postulated that the particles are sorted according to their 
sizes, and that only those of comparable size move 
together. About 15% of examined fireballs are made up 
of solid particles-the rest of them have a porous struc- 
ture. The density and distribution of the different types 
generally vary from one shower to another, though sev- 
eral similarities are evident. No significant difference is 
apparent in the relative percentage of solid and porous 
particles in sporadic and shower meteors (Ref. 2). 

3 
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The number of independent shower orbits of small 
subvisual particles, observed by radio-echo patterns of 
activity, is very great. The patterns of meteoric activity 
were found to be extremely variable, thereby implying 
that occurrence-prediction of particular meteoric showers 
may be impossible. It is suggested that meteoric activ- 
ity may be described as sporadic showers, plus occasional 
predictable showers of large particles (Ref. 3). A greater 
percentage of meteoric matter (at least 80%) appears to 
be of sporadic nature, The probability of encounter is 
much greater for sporadic matter than for stream meteors 
because sporadics are more abundant and more widely 
dispersed in their orbital paths; this study shall therefore 
be concerned primarily with sporadic meteoric matter. 

The origin and stability of meteoric dust particles (ap- 
proximately 1- to 300-micron size range, Ref. 4) have 
received much attention through zodiacal light and the 
F-solar corona experiments. The Poyntning-Robertson 
effect causes small particles to take on more circular 
orbits and to gradually spiral into the Sun. This effect 
becomes increasingly selective for particles of smaller size. 
The dust debris is observed to move in a direct orbit with 
the Earth and appears to be concentrated near the plane 
of the ecliptic, possibly influenced by solar and planetary 
attraction. Data substantiate the theory that a higher 
meteoroid concentration exists around the Earth than in 
free space (Ref. 5, 6). Meteoric matter also tends to con- 
centrate near the ecliptic plane and in the asteroid and 
planetary regions. 

The meteoroid flux at any location in space is the prod- 
uct of the meteoroid concentration c and the velocity u 
of the particles relative to an object at the specified loca- 
tion. The meteoroid flux ip for particles with mass equal 
to and greater than m at any time t and heliocentric direc- 
tion at any location T may be expressed as 

This may be rewritten as: 

where is the integrated volumetric concentration of 
all particles with mass equal to and greater than rn, and 2, 
is the mean velocity of the meteoroid particles relative 
to the specified object. 

This flux has been found to have a cumulative mass 
distribution which may be expressed approximately in 
terms of the meteoroid particle mass m and including all 
those particles with mass greater than m, as follows: 

where the flux characteristics a(t ,  o, r )  and p(t, W, r, m )  
define the flux intensity and flux gradient of the cumula- 
tive mass-distribution curve, respectively, at any time t 
and direction W. The flux gradient may also be a function 
of the cumulative mass. 

For spacecraft trajectories of interest, four regions of 
space can be distinguished, each presumed to have dis- 
tinct characteristics. These regions are the near-Earth, 
interplanetary, asteroid, and pIanetary. The meteoroid 
models for these regions are discussed in the ensuing 
Sections. 

A. The Neur-Eurfh Region 

Meteoric matter may be expelled from comets by 
diffusion effects (Ref. 7) and also generated by dust ex- 
pulsion from the lunar surface caused by meteoroid im- 
pacts (Ref. 8, 9). The Earth's gravitational force may be 
extensive enough to perturb and accrete this meteoric 
matter. The Earth may also be primarily responsible for 
the organization of meteoric matter into heliocentric 
streams at a solar distance of 1 AU. A number of inves- 
tigations conclude that direct-moving particles in near- 
circular heliocentric orbits at near 1 AU distance are 
relatively abundant (Ref. 10). The meteoric concentra- 
tion in this belt, having particles heliocentrically orbit- 
ing in a toroidal-like region, may be several times greater 
than the concentration found in interplanetary space. 
Thus meteoric matter from interplanetary space, as well 
as the most immediate environs, intercept the Earth, sug- 
gesting an envelope of meteoric matter peculiar to the 
Earth (Ref. 11). 

Satellite experiments which measure the flux of very 
small meteoric particles indicate that these particles are 
in closed orbits around the Earth, thereby confirming the 
existence of a meteoric dust cloud. Micrometeoroids in 
this dust cloud predominately have circular orbits. With 
increasing particle mass, however, the direction tends 
toward that of elliptical orbits, which is indicated by 
observed radiants' of visible meteors (Ref. 12). The ex- 

'The point in space from which a meteor appears to originate, or 
the area in space from which shower meteors appear to diverge. 
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tent of this cloud has been estimated to range to a cis- 
lunar distance or about 60 Earth radii (Ref. 8). Other 
investigators suggest that a translunar extent of about 
100 Earth radii may be feasible (Ref. 10, 12). Beyond this 
is the paucity of meteoric matter in interplanetary space. 

In the near vicinity of the Earth, the apparent flux of 
sporadic meteoric particles in the ecliptic plane is more 
concentrated at the apex of the Earth's way (heliocentric 
motion) and at the antihelion point (Ref. 13, 14). This 
phenomenon is caused by the summation of the meteoroid 
geocentric velocity with the Earth's heliocentric velocity. 
The actual longitudinal distribution of flux with respect 
to the Sun may be obtained by subtracting the Earth's 
orbital effect from the observed flux. The actual longitu- 
dinal polar profile of the flux is shown in Fig. 1 and rep- 
resents the number of meteor orbits which cross the 
Earth's orbit at any specific direction. This distribution 
indicates that meteoroid heliocentric movement is pre- 
dominately direct. The distribution in latitude from the 
ecliptic plane in the near-Earth vicinity is shown in Fig. 2, 
which indicates that sporadic meteoric matter is largely 
concentrated in the ecliptic plane. A satellite at a near- 
Earth altitude is most likely to encounter longitudinal 
and altitudinal flux distributions typified by Fig. 1 and 2. 

ECLIPTIC LATITUDE, deg 

Fig. 2. Meteoric flux vs ecliptic latitude 

However, at greater geocentric distances, the effect of 
shielding heliocentric-orbiting meteoroids by the Earth is 
decreased, thereby permitting more direct-moving par- 
ticles to enter the apex region of the Earth's way. Further- 
more, particles in heliocentric orbits nearing the Earth, 
especially those with low relative velocities, are most 
probably perturbed into parabolic or highly eccentric 
elliptical orbits about the Earth and are less likely to be 
visually detected. Very few particles, even those at rela- 
tively low velocities, will be perturbed enough by the 
Earth's gravitational field to be captured into near-circular 
orbits. The probability of the existence of relatively large 
particles in nearly circular orbits at very near-Earth 
altitudes is believed to be very small. The longitudinal 
flux distribution will, therefore, change from that shown 
in Fig. 1 to a nearly uniformly distributed flux with in- 
creased geocentric distance. The flux distribution will 
probably become isotropic. 

1. Shielding effect 
In the near-Earth region, a spacecraft component 

would probably be impacted by meteoric matter from 
all directions, if the Earth could be considered trans- 
parent. However, this flux must be corrected by the 
Earth's shielding effect to obtain the actual flux. Assuming 
the flux direction to be isotropic in space, the shielding 
factor s h  is given by 

SUN 

Fig. 1. Actual longitudinal profile of meteoric flux 
in the ecliptic plane 

where 

= [ (*2) + 11. (5)  
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with D the altitude of the essential meteoric envelope 
near the planet's surface, and R is the planetocentric dis- 
tance. This is shown in Fig. 3 and is applicable for any 
planet (Ref. 15). 

D/R 

Fig. 3. Planet shielding factor S h  vs ratio of effective 
altitude D to radius of essential planetary 

meteoric envelope R 

2. Meteoroid flux 
The observed meteoroid flux in the near-Earth region 

is not constant, but has random variations of orders of 
magnitude (Ref. 16). This is believed due to meteoric 
showers which may be evident for as long as a few days. 
Seasonal and diurnal flux variations are also quite signi- 
ficant (Ref. 17, IS). 

These random-flux variations above the minimum 
sporadic threshold may be statistically averaged to derive 
a reasonable integrated flux if the period of exposure to 
this environment is relatively large. This integrated 
flux may be expressed in terms of a cumulative mass 
distribution [Eq. (3)]. 

The values for flux-intensity and flux-gradient char- 
acteristics in the near-Earth vicinity have been obtained 
primarily from surveys made by photographic, radio- 
echo, sounding-rocket, and satellite and spaceprobe 
techniques. The a and /3 terms of Eq. (3) are assumed 
representative for a randomly oriented surface in space. 
Utilizing estimated values (Ref. 19) for the terms in 
Eq. (3), the expression for the average flux at near-Earth 
distance is 

(6) 
= 7.47. 10-16 p;2.68 m-1.34 

Equation (6) is not corrected for the Earth's shielding 
effect. If the mean particle density p P  is assumed to be 
0.443 g/cc, Eq. ( 6 )  becomes 

(7) = 6.62. 10-15 m-1.34 

The flux gradient of small particulate matter measured 
in the near-Earth vicinity, originating primarily in comets, 
was found to be different from that estimated by Eq. (6).  
It is conjectured that solar-radiation pressure may be 
the dominant factor controlling this difference (Ref. 20). 
This measured flux, not corrected for Earth's shielding 
effect, is given by 

(8) @, = 2 10-17 m-1.70 

Equation ( 8 )  has been proposed for the particle mass 
range of l O - * O  to about g (Ref. 20). Equation (8) is 
of interest primarily for the study of erosion by micro- 
meteoroids. The particle mass for which most spacecraft 
components require reasonable protection from meteo- 
roid penetration damage is generally greater than 0.005 g. 
Therefore, for this study, Eq. (6) is selected to describe 
the near-Earth flux. 

3. Geocentric flux distribution 
The flux intensity of the Earth's accreted matter ap- 

pears to be distributed inversely as the geocentric dis- 
tance raised to some power. The value of the exponent 
suggested by some investigations is likely to be between 
one and two (Ref. 16, 21). A study of sounding-rocket, 
space-probe, and satellite data suggests that this power is 
more likely to be around three (Ref. 22). From zodiacal 
light calculations (Ref. S) ,  it appears that there is a 
tremendous fall-off of flux intensity at low altitudes, be- 
coming less pronounced in the sequence of increasing 
geocentric distance. Figure 4 shows the flux intensity as a 
function of geocentric-distance ratios for various esti- 
mates of the power. Included are the zodiacal light data. 

A calculation shows that the concentration of particles 
in space around the Earth can be attributed to the Earth's 
gravitational attraction (Ref. 10). Particles of low veloc- 
ity relative to Earth, assumed to be abundant at a solar 
distance of 1 AU, are preferentially attracted to-the Earth 
and possess a relatively higher probability of being cap- 
tured than higher-velocity particles that similarly come 
into the Earth's vicinity. It is postulated that a great 
majority of undetected particles entering the atmosphere 
have low entering velocities, in the range of 11 to 20 
km/sec. The calculations (Ref. 10) show that about 18% 
of the particles in trajectories approaching within 100 
Earth radii are destined to terminate in impacts on the 
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Fig. 4. Meteoroid flux intensity VI geocentric 
distance ratio 

Earth; the remainder may make one or more approaches 
before returning to heliocentric orbits. None of the par- 
ticles in the considered trajectories were perturbed into 
a quasi-permanent orbit. The residence time in the 
Earth's vicinity was found to range from 5 to 412 days, 
the median being about 12 days. Of the particles with 
trajectories approaching within 1800 km of the Earth's 
surface, about 93% terminate on the Earth. 

Particles which pass near the Earth are postulated to 
have randomly distributed velocity vectors (Ref. 10). 
Therefore, about the same number of direct meteoroid 
motions as retrograde motions with respect to the Earth 
should be found, thus suggesting that the flux in the 
vicinity of the Earth is essentially isotropic in direction. 
The geocentric particle velocity is assumed to be a func- 
tion of distance from the Earth's center and approximately 
equal to escape velocity. The results of the calculation 
(Ref. 10) show that steady-state particle concentration 
near the Earth varies inversely with the 1.15 power of 
the geocentric distance. The particle flux was found to 
vary inversely with the 1.66 power of this same distance. 

The calculation (Ref. 10) treated the two-body prob- 
lem with the Earth considered as an isolated body in 
space. It is also based on a special case of particle trajec- 
tory; that is, of direct near-circular heliocentric orbits of 
low inclination to the ecliptic plane. The results of this 
calculation have been pointed out to be applicable to a 
very small percentage of meteoric matter (Ref. 23). Thus, 
the particle-concentration increase near the Earth attrib- 

uted by the Earth's gravitational field may be consider- 
ably less than the calculated results indicate. 

Another calculation, based on three-body dynamics, 
shows similar results to those for the two-body one (Ref. 
24). Even though these results may not be applicable for 
all  approaching meteoric matter, they nevertheless indi- 
cate the general behavior and the order of geocentric dis- 
tribution of the considered particles under the influmce 
of a gravitational field. 

The tenuous upper atmospheric regions may contain 
a higher accreted concentration of particles affected by 
atmospheric drag effects. However, because the particle 
velocity in this region is probably much lower than that 
of particles above this region, the damaging &e& of 
meteoroid impact on a spacecraft are relatively greatly 
reduced. Furthermore, the time of exposure in this en- 
vironment is relatively very small for a realistic spiral-out 
to escape trajectory. Therefore, for all practical consid- 
erations, the hazard of meteoric matter in this zone for 
interplanetary spacecraft systems is of neghgible order. 

4. Meteoric particle velocity 
Meteor velocities observed by photographic and radio- 

echo measurements, shown in Fig. 5, indicate a lower 
limit (comparable to the Earth's escape velocity), and 
an upper limit (close to the sum of the heliocentric veloc- 
ity at 1 AU and the Earth's orbital velocity about the 
Sun, Ref. 25). The observed geocentric velocities indicate 
that sporadic meteors do not originate from interstellar 
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space, since their velocities are less than that required for 
hyperbolic trajectories. It has been shown that only 
about 0.3% have velocities in the interval of 75 to 79 
km/sec. The very few found with velocities greater than 
80 km/sec are believed to have been perturbed to these 
velocities. The typical geocentric velocity distribution 
of sporadic meteors, presented in Fig. 5, has a double- 
hump characteristic. This is believed to be attributable 
to the scarcity of meteors with orbits of small perihelion 
distances because they are readily removed by solar 
energy (Ref. 26). 

The mean velocity of the sporadic matter at near- 
atmospheric orbital locations must be slightly higher than 
the escape velocity, as indicated by Fig. 5. It has been 
estimated that the mean velocity of meteorites is 16.5 
km/sec, and the rms velocity in the Earth's upper atmos- 
phere is estimated to be 17.0 km/sec (Ref. 27). A recent 
estimate adopts 22.0 km/sec as the mean meteoroid 
velocity in the near-Earth vicinity ( Ref. 19). The velocity 
profile with respect to geocentric distance is suggested to 
be closely associated with the Earth escape velocity 
(Ref. 10). 

5. Meteoric particle density 
The shape of meteoroid particles has been determined 

from recoverable rocket experiments. Most of the par- 
ticles have irregular forms: about a sixth are spherical 
in form, an6 the remainder are defined as fluf€y. 

The distribution with respect to physical structure for 
sporadic and shower bright meteors has been divided 
into three fundamental groups: compact bodies, 15%; 
porous bodies, 48%; and dustballs, 37%. The group 
density distribution for these bright meteors is shown 
in Table 1 (Ref. 2). The average density from Table 1 
shows a range of 0.49 to 0.79 g/cc. This agrees well with 
a recent average density estimate of 0.443 g/cc (Ref. 19). 

Table 1. Density distribution of bright meteors 

I Density 

g l c c  

Iron 
Stone 
light stone 
Porous bodies 
Porous bodies 
Dustballs 
Dustballs 

6.6 -7.8 
3 -4.6 
1.3 -2 
0.5 -0.7 
0.1 -0.35 
0.01-0.1 
< 0.01 

2.1 9 
4.38 
8.76 

13.86 
34.31 
34.31 

2.19 
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B. The lnterplanetary Region 

Meteoric streams, defined as a group of meteoroids in 
similar orbits, are observed to move in orbits predomi- 
nantly inclined to the ecliptic plane. Very few are found 
orbiting very near or in the ecliptic plane. The inclina- 
tion from the ecliptic plane progressively decreases as 
the stream groups vary from known streams to spurious 
streams. Almost all spurious streams and most minor 
streams cluster principally around the ecliptic plane. This 
is confirmed by observed elongations of their radiants, 
which indicate that in the sequence from meteor to 
meteorite, progressively smaller inclinations to the ecliptic 
plane are found. However, it is most likely that the in- 
clination distribution of meteoroids in space, and espe- 
cially near the planets, will have fewer high inclinations 
than the observed elongations imply, since the probability 
of observing retrograde encounters is greater than observ- 
ing direct encounters of a comparable inclination and 
velocity (Ref. 27). 

A spacecraft traversing interplanetary space in the 
plane of the ecliptic, therefore, is believed to have a very 
low probability of intercepting a highly concentrated 
meteoric stream because the intersections of streams with 
the plane of the ecliptic are nonuniform and widely sep- 
parated as they sweep across the ecliptic plane (Ref. 28). 
Furthermore, streams contribute less than 5% of total 
influx of meteoric matter (Ref. 18). Also, the particle 
radiant distribution is not as broad as that of minor 
streams and especially spurious streams (Ref. 29). For 
example, suppose that a stream possesses a flux 100 times 
as intense as that of the sporadic flux threshold. This flux 
intensity is representative of observed meteoric streams 
(Ref. 30,31). The flux gradient is assumed to remain un- 
changed. First, suppose that the probable integrated time 
exposure in the stream is of that in the sporadic envi- 
ronment. Select a spacecraft system that has a probability 
of 0.90 of no failures by meteoroid impact when exposed 
in the sporadic environment. The probability of no 
failures in the case when the stream is present then be- 
comes 0.89. Second, suppose that the period of exposure 
of that stream were 10 times as high as in the previous 
example cited. This is believed not to be very probable. 
Nevertheless, the probability of no failures in the case 
without the stream would again be 0.90, and in the case 
when the stream is present, the probability of no failures 
would be 0.81. These results show that for almost all 
practical considerations, a relatively small change in the 
probability criterion results with the stream present. 
Therefore, it may be surmised that impact damage by 
sporadic meteoric matter is more significant than that 
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contributed by meteoric streams in the interplanetary 
region. 

Most sporadic meteor orbits are similar to each other; 
that is, they are direct, and have low inclinations and 
large eccentricities (Ref. 18). The majority of sporadic 
meteors are inclined within 20 deg of the plane of the 
ecliptic. More than 90% of alI meteoric particles are 
inclined within 40 deg of the ecliptic plane (Ref. 30). 
Many so-called sporadic meteors, having relatively very 
broad distributions, may belong to various not-yet-known 
showers (Ref. 29). The system of particles can be shown 
to be continuously replenished (probably by cometary 
contributions) according to a definite distribution func- 
tion, and continuously exhausted by the operation of the 
Poyntning-Robertson effect alone (Ref. 32). The space 
density* of the particles in and near the plane of the 
ecliptic is also shown to be distributed as a function of 
solar distance. 

Dust particles (micrometeoroids) tend to gravitate 
toward the ecliptic plane due to the planet mass concen- 
trations in the ecliptic plane. The dispersion distance 
from the plane is proportional to the solar distance. 
Micrometeoroids tend to readily spiral into the Sun due 
to angular momentum energy loss caused by solar-radia- 
tion pressure. This phenomenon produces nearly circular 
particle orbits and also reduces the orbital eccentricity. 
It is expected that the concentration of particles is dis- 
tributed inversely to the solar distance raised to an ex- 
ponent ranging from 1 to 2, but most probably 1.5 (Ref. 
12, 19). However, the value of the exponent is shown to 
decrease with decreasing solar distances for dust par- 
ticles along the ecliptic plane and under the operation of 
the Poyntning-Robertson effect. This exponent is also 
found to have a value of less than 1.0 for particles inside 
the orbit of Venus (Ref. 32). Therefore, exponent values 
assumed greater than 1.0 will yield larger flux estimates 
for particles inside the 1-AU interplanetary region. 

The concentration of dust at a solar distance of 1 AU 
in the plane of the ecliptic, and away from the Earth's 
dust cloud, is estimated from solar corona measurements 
to be le3 to le5 of that found near the Earth (Ref. 12). 
At this same interplanetary space location, a reasonable 
appraisal of the cumulative mass distribution indicates 
that the flux-intensity difFerence between the near-Earth 
location and the interplanetary space location increases 

'Cumulative particle mass in a unit volume of space for particles 
having a radius greater than the specified size. 

for decreasing particle mass (Ref. 16). Even though the 
dust concentration in the vicinity of the Earth's orbit 
may be le5 of that near the Earth, the concentration for 
largesized particles-those with masses greater than 
about 300 g-may not be appreciably different in these 
two locations because of their relatively infrequent oc- 
currence. Data from the Marines 2 spacecraft, which 
completed the Venus flyby mission, indicated that the 
meteoric particle concentration was not greater than le3 
of that found near the Earth. For the particle size range of 
general interest to interplanetary missions, the particle 
concentration near the Earth's orbit and in the plane of 
the ecliptic may be le3 of that found in the near vicinity 
of the Earth. 

The velocity of dust particles orbiting the Sun is sug- 
gested to decrease due to the Poyntning-Robertson effect 
(emission of the absorbed solar energy by the particle). 
By the same effect, it may also be predicted that the 
radial velocity of the dust particles into the Sun is in- 
versely proportional to the solar distance (Ref. 12). For 
larger particles ( > Sp) ,  on which this perturbation has 
less effect, the mean meteoric particle velocity, similar 
to the planet velocities, is most likely to vary inversely as 
the square root of the solar distance. 

The average particle density would most probably be 
similar to that of the particles accreted by the Earth. 
However, it is most likely that the particle density will 
decrease at near-solar distances due to disintegration and 
vaporization actions caused by solar energies. Neverthe- 
less, an assumed constant density will be a conservative 
approach for this model. 

It is most likely that the flux gradient of the cumula- 
tive mass distribution in regions of interplanetary space 
will be less than that in the near vicinity of the Earth. 
The mean value of the flux gradient p in Eq. (3 )  for the 
interplanetary space region will probably lie between 1.0 
and 0.7. The signihance of increasing the value of p is 
to increase the meteoroid flux for any cumulative par- 
ticle mass; consequently, a greater probability of mete- 
oroid impacts results. Therefore, if a greater flux gradient 
is assumed, the flux for any cumulative particle mass 
would be overestimated from its most probable value, 
thereby causing a conservative appraisal of meteoroid 
impact probability in the interplanetary region. 

C. The Asteroid Region 
h o s t  all asteroidal matter exists within the region of 

solar distances between Mars and Jupiter. Possibly there 
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are asteroids other than the known, such as Hidalgo, in 
the zone between Jupiter and Saturn which have escaped 
discovery due to their great solar distances (Ref. 1). 
Others, such as Eros, Hermes, and Icarus, have eccen- 
tricities which allow them to enter the region within the 
Earth's orbital solar distance. However, most of the 
asteroids which are of major concern for this model are 
found orbiting within the region of 2 and 4 AU solar 
distances; the mean distance is probably 2.8 AU. The 
dynamic importance of the 4 AU distance has been em- 
phasized by other investigators (Ref. 33). Asteroids hav- 
ing orbits of relatively small or moderate eccentricities 
and inclination remain within the 2 AU region of the 
asteroid belt. 

About 40% of the total asteroidal population move in 
orbits within 15 deg of inclination to the ecliptic plane 
and have an eccentricity ranging between zero and 
about 0.25. The average eccentricity of an asteroid's orbit 
is 0.15, and the mean inclination is 10 deg. Only a few 
of the orbits observed lie in the plane of the Earths 
motion. Of the 1,500 major asteroidal bodies found, none 
move around the Sun in a retrograde direction. In this 
respect, the asteroidal bodies are believed to be like the 
planets (Ref. 1). 

Investigations indicate that the number of these frag- 
mented objects decreases with increased solar distances, 
suggesting that their distribution is a function of solar 
distance. There is also a tendency for smaller asteriods 
to occur farther from the Sun. For example, about 23% 
of the bodies existing in the region between 2.0 and 
3.5 AU, and having absolute magnitudes3 between 4.0 
and 8.0, occupy the zone of 3 to 3.5 AU; whereas the 
same 3 to 3.5 AU zone contains 95% of those asteroids 
with absolute magnitudes between 12.0 and 13.0 (Ref. 33). 

The distribution of asteroids probably has very large 
gaps, due to arbitrary system positions of their peri- 
centers, satellite longitudes, and disturbing actions of 
neighboring small masses (Ref. 34). Hence, the flux of 
asteroidal matter may be associated with streams and 
showers which have particles uniformly distributed along 
their orbit, or a cluster of particles within the orbital 
zone. In this respect, the asteroid zone is similar to the 
interplanetary regions in that it possesses many peaked 
flux regions which are spatially scattered. The proba- 
bility of encountering a highly concentrated zone of 

T h e  brightness which the object would have when placed at a 
distance of 1 AU from both the Earth and the Sun. 

meteoroids in the asteroid region, however, is expected 
to be very small. There is presently no evidence that the 
particle size distributions of streams or showers extend 
to probable small particles. Thus, the cumulative mass 
distribution is not likely to be uniform or continuous. 
Therefore, it is difficult to establish a magnitude of flux 
for this region because of the considerable uncertainty 
as to the number of asteroids, their exact paths or orbits, 
the cumulative mass distribution, and their velocities. 

A better understanding of the distribution of asteroids 
in space is obtained through studies covering cumulative 
meteor influxes at the Earth. It was found that large par- 
ticle masses are predominantly of asteroidal origin (Ref. 
35). Meteors with visual magnitudes fainter than zero 
are contributed primarily by cometary matter. Calcula- 
tion results show that the percentage of meteors with 
visual magnitudes of minus 15, minus 5, and zero have 
a 98,65, and 28% asteroidal origin, respectively (Ref. 36). 
The total meteorite contribution at the Earth by aster- 
oidal particles may be about 1% (Ref. 37). Therefore, 
the debris in the asteroid region for the particle size of 
interest for this study largely is of cometary origin. 
Nevertheless, particle concentration is expected to be 
certainly increased due to asteroidal contributions. 

Since the larger asteroidal particles are relatively much 
less concentrated, their contribution to the cumulative 
particle concentration is very small. Of primary interest 
is their effect on the process of secondary meteoroidal 
production, causing the probable existence of smaller 
particles. Very small-sized particles ( micrometeoroids ) , 
however, are swept out of the solar system by solar- 
radiation pressure (Ref. 37), and therefore have probably 
long left the asteroid belt. 

Assuming that the particle concentration of sporadic 
meteoric matter in space varies inversely with the solar 
distance, the extrapolated particle concentration in the 
asteroid belt would be % to % times the concentration 
of sporadic particles found in interplanetary space at a 
solar distance of 1 AU, but away from the Earth. How- 
ever, since there may be an abundance of cometary 
streams existing in the asteroid region, the contribution 
of sporadic debris to this region by cometary particles 
may be as high as an order of magnitude above the 
extrapolated meteoric debris existing in interplanetary 
space. The combined constituents of cometary and aster- 
oidal matter may increase the cumulative particle con- 
centration in this region to 20 or 30 times that of 
interplanetary space, even though the number of parti- 
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cles of asteroidal origin may be relatively quite small for 
the particle size range of interest (Ref. 33, 36). However, 
for the model, the particle concentration shall be con- 
servatively assumed to be 100 times that of interplanetary 
space concentration. It is unlikely that such an abrupt 
flux transition actually occurs between the asteroid 
region and the interplanetary region. It is more prob- 
able that this transition will be gradual; that is, from 
debris of lesser concentrations to fluctuations of higher 
concentrations occurring randomly. However, the mean 
integrated meteoric hazard may be statistically ap- 
proached by the selection of reasonable particle con- 
centrations for the asteroid region. 

The flux gradient of the cumulative mass distribution, 
composed of cometary and asteroidal matter, is expected 
to vary with respect to cumulative particle mass. The 
space density is estimated to decrease inversely to the 
particle radius raised to the power of 4 (Ref. 38). Stone 
and iron fall finds on the Earth reveal that the cumulated 
number with mass equal to and greater than m varies 
inversely with m. This agrees directly with the commi- 
nution law for the process of mineral dressing (Ref. 38). 
The cumulative mass distribution of the meteoric matter 
in the asteroid belt is most likely to possess a flux gra- 
dient that is variable and not as great as that for near- 
Earth. It probably approaches 1.0, or less. However, it 
will be more conservative to assume the flux gradient to 
follow that for near-Earth. 

Asteroidal particles generally move in direct elliptical 
orbits. Their mean velocities will be nearly comparable 
to a heliocentric circular orbital velocity at their mean 
solar distance. The particle flow direction, for all practi- 
cal purposes, shall be considered isotropic. 

The mass of the asteroids is composed of about 16.7% 
nickel-iron, with the remainder primarily stony-type 
material. The average density of asteroids may be taken 
as 3.5 g/cc (Ref. 38). Because of the preponderance of 
cometary debris in the asteroid region, the mean particle 
density will be much lower than 3.5 g/cc, especially for 
the particle size of interest for this study. A weighted 
mean density of the matter in this region will be assumed 
as 0.75 g/cc.* 

‘The total meteorite contribution at the Earth by asteroidal parti- 
cles may be about 1%. However, if it is assumed that 10% of the 
total space density of the asteroid region is composed of asteroidal 
matter and the remaining amount composed of cometary matter 
which possesses a mean density of 0.443 g/cc, then the resulting 
mean particle density of particles in this region is 0.75 g/w. 

D. The Planetary Region 
The majority of interplanetary meteoric particles de- 

posited by cometary bodies has been estimated to be 
located in the zone between the Earth and Jupiter. Many 
cometary streams have established orbits within solar 
distances comparable to the asteroid belt. Thus, the 
Earth, Jupiter, and Mars would most likely have rela- 
tively high probabilities of accumulating meteoric debris. 
At great solar distances, comparable to that for Pluto, 
it is suspected that there would be a scarcity of inter- 
planetary matter and asteroidal particles; zodiacal light 
and the appearance of bright comets would hardly be 
evident. Also, at such distances, meteor streams would 
hardly be perturbed from the nucleii of comets by mete- 
oric scattering processes, or diverted from an established 
stream into sporadic meteors. For these reasons, it seems 
valid to postulate an extreme paucity of meteoric matter 
at great solar distances. 

Comets originally moving nearly parallel to a planet 
are likely to be perturbed into orbits of direct motion 
with shortened periods. (Short-period comets are usually 
found to pass inside the orbit of Mars.) With continu- 
ing near-planetary approaches, cometary particles are 
perturbed and become temporary members of the planet’s 
meteoric family. It may be hypothesized that there also 
exists a toroidal belt of meteoric matter, similar to that 
of the Earth, which contains meteoroids predominantly 
moving in direct motion at the planet’s mean solar dis- 
tance. This organization of meteroids is very likely for 
Mars and especially for Jupiter. The Trojan asteroidal 
bodies, which have stable positions, exhibit a special case 
of this organization. 

Sporadic meteoroids are probably more numerous near 
the planets than in interplanetary space because of plan- 
etary attraction. The extent of the effect of planetary 
gravitational forces may be shown by the irregularities 
and the periodic frequency of asteroidal bodies which 
mark orbital periods appearing to be harmonic fractions 
of Jupiter’s orbital period. These resonant orbits may be 
organized through the many accumulated Jovian pertur- 
bations (Ref. 1). Cometary bodies in retrograde motion 
nearing a more distant planet, like Jupiter, are likely to 
be expelled from the solar system. 

As pointed out in Section IIA, meteoric particles are 
perturbed and attracted from both well-defined and 
spurious streams only when they pass inside the tidal 
radius of the planet. Capture mechanics are a function 
of the planet’s capture radius and the particle’s planeto- 
centric velocity. It is therefore reasonable to postulate 
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‘lanet 

that the capturing behavior, the meteoroid distribution, 
and the accretion process for any planet should be anal- 
ogous to that for the Earth. A quasi-equilibrium mete- 
oric organization is assumed to be maintained by the 
many perturbation effects, resulting in some kind of 
global meteoric dust cloud peculiar to each planet 
(Ref. 8). For instance, apparent meteoric debris encir- 
cling Jupiter in a hypothetical equatorial belt has been 
proposed and is based on the argument supporting the 
eruption theory (Ref. 39). The precision of the experi- 
mental observations supporting this conjecture, however, 
is questionable (Ref. 40). 

Average 
surface 
gravity, 

Since the capturing mechanics for meteoric particles 
by a planet may be analogous to that for the Earth, the 
distribution of particle concentration may follow a simi- 
lar pattern and organization as that for near-Earth; that is, 
it should be a function of planetocentric distance. It will 
be assumed, for model simplicity, that the particle con- 
centration varies inversely as the distance from the planet 
center raised to the 1.1 power. The limit to which the 
meteoric debris extends is the envelope of the planet’s 
tidal radius (Ref. 42). By this reasoning, Jupiter and 
Saturn should have a very extensive meteoric cloud. 
These data are summarized in Table 2. 

Escape 
velocity 
at near- 
planet, 
kmfsec 

4.3 
10.4 
11.2 

5.1 
61 .O 
36.7 
22.4 
25.6 

5.3 

There is some contention that the planetary meteoric 
debris for both Mars and Jupiter, and especially Jupiter, 
is rather significant because these planets neighbor re- 
gions of apparent abundance of cometary and asteroidal 
matter. As discussed earlier, particles are captured pri- 
marily from low-inclined direct-orbiting matter which 
approach the considered planet. Since it is generally ac- 
cepted that the dust particles are not likely to exist in 
any significant abundance in these more distant regions, 

Assumed 
near-planel 

particle, 
velocity, 
kmfsec 

30.0 
25.0 
22.0 
16.0 
61.0 
36.7 
22.4 
25.6 
5.3 

Mercury 
Venus 
Earth 
Mars 
Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 

I G p  

0.38 
0.87 
1 .oo 
0.39 
2.64 
1.16 
1.05 
1.50 
0.1 7 

Relative 
planet 
mass, 
M P  

0.0543 
0.8 136 
1 . O W  
0.1 069 

318.3 
95.3 
14.54 
17.26 
0.033 

Mean 
solar 

distance, 
lo-‘ km 

57.9 
108.1 
149.5 
227.8 
777.8 

1426.1 
2869.1 
4495.6 
5898.9 

except due to secondary generation (collisional destruc- 
tion), the accretion of smaller-sized meteoric matter is 
believed to be relatively inappreciable. For instance, the 
capture probability of particles less than 1 cm in radius 
is estimated to be rather small for Jupiter (Ref. 3.5, 41). 

The particle concentration near the planet’s surface 
( c ( - ~ , ~ ) ,  similar to that for Earth, will be assumed to 
be lo3 greater than the particle concentration found in 
interplanetary space at the planet’s mean orbital solar 
distance (c(-)*). It will also be directly proportional to 
the surface gravity of the considered planet relative to 
the Earth. This may be expressed by 

(9) 

The average surface gravity relative to Earth is esti- 
mated from the following equation: 

M P  

M, 
GP = - 

where M and R represent respectively the mass and 
radius of the planet. Values for these quantities are listed 
in Table 2. 

No consideration is given to the effects displayed by 
planetary satellites. Their existence, however, is most 
likely to increase the extent of the tidal radius and the 
planetary debris. 

The flux gradient of the accreted meteoric matter will 
probably differ for each planet and may be a function 
of the planetocentric distance. However, for the mete- 
oroid model selected for this study, the flux gradient of 

Table 2. Planetary data 

Sun-planet 
equigravi- 

tational 
distance, 

Rt 
10“ km 

Planet 
radius 

km 
RP, 

23.3 
193 
259 
129 

24100 
24 100 
19000 
32300 

1.85 

2421 
6161 
6371 
3332 

69892 
57532 
23701 
21535 

2867 

Dust cloud extent 

R t I R p ,  
radii 

9.7 
31.6 
40.7 
38.6 

346 
420 
803 

1500 
6.5 

Selected 
for model, 

radii 

10 
32 
65 
40 

400 
450 
800 

1500 
6.5 

Planet 
heliocentric 

velocity, 
kmfsec 

47.85 
35.01 
29.76 
24.1 1 
13.05 
9.64 
6.78 
5.47 
4.84 
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the cumulative mass distribution for each planet shall be 
assumed equal to that for near-Earth. 

Particles orbiting the planet are assumed for this 
model to be predominantly in elliptical orbits, which 
suggests a nearly isotropic particle flow direction. This 
does not necessarily limit a planet from peculiarly organ- 
izing accreted matter into some form such as an equa- 
torial belt. 

The mean particle velocity near the planet will most 
probably be equal to the escape velocity of the particles 
at a low altitude from the planet’s surface and will be 
assumed to vary inversely to the square root of the 
planetocentric distance. However, if the escape velocity 
at a low altitude is less than the particle’s heliocentric 
velocity at the planet’s mean solar distance, the mean 
particle velocity near the planet will most probably lie 
between these two velocities, similar to that proposed 
for the Earth. If the escape velocity is greater than the 
heliocentric velocity, then the escape velocity is assumed 
to be the mean particle velocity near the planet. 

The particle density is most likely to be comparable 
to that found in the immediate interplanetary space en- 
vironment. At near-solar distances, particle density is 
most likely to decrease because of the effects of solar 
energy. Therefore, Mercury, for instance, may accrete 
particles with an average density less than that found 

1. The Near-Earth Region 

a. The geocentric radius at which the meteoric envi- 
ronment commences is 4OOO statute miles (6436 km). 

b. The particle concentration varies inversely with the 
geocentric distance raised to the 1.1 power. 

c. The mean particle velocity, at a geocentric distance 
of 4OOO statute miles, is 22 km/sec and varies in- 
versely with the square root of geocentric distance. 

d. The intercepted flux, determined by Eq. (2), is cor- 
rected for the Earth’s shielding effect. 

e. The reference flux at a geocentric distance of 4ooo 
statute miles is defined by Eq. (6). 

f. The extent of the Earth’s meteoric cloud is 65 Earth 
radii. 

2. The Interplanetary Region 

a. The particle concentration at 1 AU solar distance 
and away from the Earth is le3 of that found in a 
near-Earth region (excluding the Earth’s shielding 
effect), and is distributed inversely with the solar 
distance raised to the K power. 

b. The particle velocity is uniform and conforms to that 
of direct circular orbits in heliocentric equilibrium. 

near the Earth; whereas at Mars, Jupiter, and even pos- 
sibly Pluto, the density of captured meteoric matter, 
primarily of cometary origin, may be slightly higher than 
that found near the Earth, due to asteroidal contribution 
and to smaller solar energy effects. However, for sim- 

c. The mean impact velocity of the particle with the 
spacecraft is the vector difference between the 
spacecraft and the meteoroid velocities referred to 
the spacecraft. 

-_ 
plicity, the average particle density accreted by a planet 
will be assumed to be constant and equal to that found 
in the near vicinity of the Earth. 

d. ne flux distribution does not vary with respect to 
ecliptic latitude, since the spacecraft trajectory is 
in the most intense flux region; that is, in the plane 
of the ecliptic (Ref. 43). 

E. A Meteoroid Model 
From the preceding discussion of meteoroids in space, 

a meteoroid model covering the four defined regions is 
selected as follows: 

The flow direction of meteoroids is isotropic through- 
out all space. The intercepted flux is determined by 
Eq. (2). The impact velocity is assumed to be equal to 
the mean encounter velocity of the meteoroid particles 
with the spacecraft. The mean particle density through- 
out all space is 0.443 g/cc, except in the asteroid region. 
The flux gradient of the cumulative mass distribution 
remains constant throughout space. 

3. The Asteroid Region 

a. The integrated particle concentration is 100 times 
that of interplanetary space and extends from 2 to 
4 AU solar distances. 

b. The flux is calculated similar to that for the inter- 
planetary region. 

c. The particle velocity is uniform and conforms to 
that of direct circular orbits in heliocentric equi- 
librium. 

d. The mean particle density is 0.75 g/cc. 

1 3  
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4. The Planetary Region 

a. The particle concentration near the planet’s surface 
is lo3 times that found in interplanetary space and is 
corrected for the planet’s gravitational force. 

b. The particle concentration varies inversely with the 
planetocentric distance raised to the 1.1 power. 

c. The extent of the planet’s meteoric cloud is to about 
the planet’s tidal radius, as shown in Table 2. 

d. The mean particle velocity near the surface of each 
planet is listed in Table 2. The mean particle veloc- 
ity varies inversely to the square root of the planeto- 
centric distance and is the encountering impact 
velocity with the spacecraft during a planet orbital 
sequence. 

e. The flux calculated by Eq. (2) is corrected for the 
planet’s shielding effect. 

111. METEOROID-PENETRATION RESISTANCE ANALYSIS 

Meteoroid impact damage is studied by ballistic exper- 
iments which simulate the mechanics of hypervelocity 
impact and aid in determining material parameters in- 
fluencing such meteoroidal actions as penetration and 
spalling. Present-day ballistic-test equipment produces 
experimental projectile velocities much lower than that 
of most meteoroids. Extrapolation of these experimental 
results to the range of high meteoroid velocities is not 
considered reliable. Therefore, the mechanics of projectile- 
penetration phenomena at hypervelocities, characteristic 
of meteoroids, are presently best studied theoretically 
through the media of hydrodynamic behavior. 

At high impact velocities, the penetration depth ap- 
peared to be governed by the impact forces involved; 
the strength of the target material was found to be of 
negligible order (Ref. 45). The penetration depth has 
been suggested to be a function of the momentum trans- 
fer, simply expressed by 

P ,  = K ,  ( r n ~ ) ~ ’ ~  (12) 

The factor K ,  is a parameter which includes material 
characteristics related a hydrodynamic process. 

At low impact velocities, experimental penetration 
depth results are better correlated when the velocity 
function is expressed in a kinetic energy transfer form, 
as 

The sheet thickness A Of a defined as that 
thickness required to just resist penetration of a projec- 
tile of diameter d and mass m moving with an incident 
velocity u normal to the surface, is proportional to the 
penetration depth P, formed in a semi-infinite target by 

form proposed for A as a function of u is 
I the impact of the same projectile (Ref. 44). The general 

P , = y Y : ( + )  6 d 

where the exponent 8 is empirically selected as %. 
The material property term M has been suggested to be 
either the sonic velocity c of the undisturbed target ma- 
terial (Ref. 44) or a hardness property fi of the target 

A = K ,  P ,  = K , y  K :  f ( u ) d  (11) 

where is an empirical parameter which includes mate- 
rial and impact characteristics. The factor K, is defined 
as A R C .  The value generally accepted for K ,  is 1.5. The 
factor K, is the ratio of the projectile density to the target 
density pp/pT. The function f (u)  may express either the 
projectile momentum or kinetic energy. 

(Ref* 46)* 

However, each of the above expressions gives gross 
errors if extrapolated from their applicable velocity 

14 
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regions. Recently, over 1700 experimental data points on 
cratering were statistically analyzed, resulting in an 
equation which appears to best express the penetration 
depth over the entire impact velocity range (Ref. 46). 
This equation shall be adopted as the penetration depth 
criterion used in this study and is expressed as 

where the constants K ,  and K ,  are suggested to be 0.6 
and 4.0, respectively, for most materials (Ref. 46). 

Assuming the projectile to be a spheroid, the diameter d 
may be expressed in terms of projectile mass m as 

A. The Variable-Flux Environment 

Consider a spacecraft component exposed in the 
meteoroidal environment discussed in Section 11. The 
instantaneous flux is defined by Eq. (3). An inspection of 
Eq. (2) and ( 3) reveals that at any location r the concen- 
tration and flux intensity, as well as the flux gradient 
may continuously change with respect to time and direc- 
tion, meaning that a and p are variables with respect to 
time and direction. Since the mean time between proba- 
ble meteoroid impacts for particles equal to and greater 
than a specified mass will vary, the probability of no 
impacts by the same particles, therefore, will also vary 
with respect to time. The particle velocity and density 
are variables with respect to time and direction. These 
parameters also vary with location r.  However, when the 
mission trajectory and spacecraft performance are speci- 
fied, the location r can be transformed to time t, thus 
making the variables functions of t and A only. 

In general, the probability of n failures dying a period 
Substituting both Eq. (15) and the relationship of time T for a system having a failure rate f may be ex- 

pressed approximately by a Poisson distribution, as 
follows: 

A = KIP, into Eq. (14) results in 

A = p'-'13 P m113 log, ( 1 + P " ~ ~ )  (16) 

where 

and 

Crater experiments performed at low projectile veloci- 
ties indicate that circular craters are formed in target 
surfaces at relatively large oblique impact angles (Ref. 
4). It is speculated that circular craters will predominate 
at higher velocities and will continue at increased oblique 
angles of impact. However, it is believed that the depth 
of penetration may be a function of the angle A from 
the normal. Therefore, until further verification is avail- 
able, the velocity parameter u in Eq. (16) will be re- 
placed by the assumed cosine function of this angle, as 
follows: 

where 'I is an empirical value which may be a function 
of A. 

If the probability of no failures is sought, then Eq. 
(20) becomes 

P ( o )  = e-fT (21) 

The failure rate for a system in a meteoroidal environ- 
ment is proportional to the penetrating flux projected on 
the vulnerable area, namely: f = 9 A cos A. The proba- 
bility of no impacts then, between any time t and t + At, 
on a surface of a nonoccluded area AA by a meteoroid 
particle of mass equal to or greater than m in the direc- 
tion between A and ~ + A A ,  may be expressed from Eq. 
(21), as follows: 

P ( , , ( t , t + a t ; a A ; ~ , x + a ~ )  

= exp [ -@(t,  A) COS A AA Ah At] (B) 

If a meteoroid particle of mass m is of a size large 
enough to just cause a catastrophic failure to the com- 
ponent upon impact, then the probability of no catas- 
trophic impacts on aA from time 0 to time T can be 
approximated from Eq. (22) by 

fi exp [ -@(ti ,  A) cos A AA AA Ati] (23) 
i=l 

15  
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where ti is a partition of [0, T I .  

Thus, 

= exp [ - ( l:o @(t, A) dt) cos A A A  AA] (24) 

By a similar argument, the probability of no catastrophic impacts over the entire 
solid angle is approximated by 

As lim n+w,  Eq. (25) becomes 

P ( o )  (0, T ;  0);  AA) = exp [ - (/w JIo @@,A) C O S A ~ ~ ~ A  

Similarly, integrating over the entire component area results in the following 
expression for the probability of no catastrophic impacts: 

L J 

The flux in Eq. (3) may be expressed in terms of A, rather than the particle’s 
mass m, from the adopted relationship shown in Eq. (16). By substituting this 
resulting expression for @ into Eq. (27), the armor thickness A may be directly 
related to the integrated probability of no penetrable impacts of mass m or 
greater in terms of all the variable meteoroidal parameters, as follows: 

16 
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r -  
t ,  

6. The Variable-Nux-Intensity hvironment 

The meteoroid model defined in Section IIE stipulates that the flux gradient /3 
remains constant throughout all space and therefore is not a function of time t, 
direction A, or particle mass m. In any cumulative mass distribution having a 
constant-flux-gradient characteristic, the existence probability Pm, of all particles 
equal to or greater than mass m, will not be a function of time or space, and 
will remain the same for any flux intensity. This existence probability may be 
considered as proportional to the impact probability by particles with a mass 
equal to or greater than m, incident on a vulnerable area A. Consequently the 
flux @(t, A) may be expressed as proportional to a reference flux @(to, A). Likewise, 
the flux-intensity term a(t, A) of Eq. (28) may also be expressed as proportional 
to a reference flux intensity a@,, A). Since the flux intensity is unshielded by 
definition, it must be corrected for any shielding effect. 

Assume that the particle density and velocity are not functions of angle A. 
Furthermore, for simplicity, assume that the shielding effect SI, is also not a 
function of A. For the case of the variable-flw-intensity, constant-flux-gradient 
environment, the probability of no catastrophic impacts can be obtained by 
modifying-Eq. (2.8) into the following expression: 

Let a dimensionless term J be introduced which shall be called the integrated 
angle dependency factor. It represents the influence which the integrated flux 
direction, including its impact effect, has on the armor thickness. Its definition is 

Incorporating the factor J into Eq. (29) results in 

17 
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C. The Constant-Flux Environment 
In an environment of uniformly distributed meteoroid particles, a certain 

mean time between interception of meteoroid particles with mass equal to or 
greater than a given mass will result. The parameters in Eq. (3) for this uniform 
flux distribution do not change with respect to time. Therefore, there will be a 
certain probability of meteoroid impact associated with a spacecraft component 
according to Eq. (31), where all the meteoroidal parameters are no longer func- 
tions of time but take on mean constant values. Let the values of the parameters 
at time t be the same as that at a reference time to. The flux intensity Z ( t )  becomes 
by definition unity. From Eq. (31), the probability of no catastrophic impacts by 
a mass m or greater for the case where the variables each remain at constant 
values over a period of time T is found to be 

Equation (32) may be rewritten as 

D. Application of Section Ill6 
Let two missions, subscripted c and v, having constant- and variable-flux- 

intensity environments, respectively, be compared to each other in terms of 
equal mission times and equal probabilities of no catastrophic impact for a com- 
ponent of vulnerable area A, meaning that P ( o ) c  = P ( o ) e .  For convenience, let the 
mission containing a constant-flux-intensity environment be a near-Earth orbital 
mission. Furthermore, let it dictate the reference values at time to. Let the mission 
possessing a variable-flux-intensity environment be a specified interplanetary 
mission. 

The expression for the probability of no impacts by a mass m or greater for 
an area exposed in this environment is given by Eq. (32) in terms of the armor 
thickness A. A similar expression is given by Eq. (31) for a variable-flux-intensity, 
constant-flux-gradient environment. By equating Eq. (31) and (32), equal prob- 
ability of no catastrophic impact criteria for each case is satisfied, and is given by 

1 8  
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The protection requirement ratio 9, defined as the ratio of armor thickness 
required for a specific interplanetary meteoric exposure A,, to that required for a 
near-Earth constant flux A, can be evaluated by rearranging Eq. (34) as follows: 

The expression within the integral of Eq. (35) is interpreted as a relative 
damaging potential of the meteoric hazard. It is a measure of the flux intensity 
combined with the physical and kinetic characteristics of the noted meteoric 
parameters. Let this dimensionless expression be cded the normalized flux 
intensity and denoted by the symbol Z(t). From Eq. (35), the quantity (t) is 

The ratio 9 may then be simply expressed as 

The factor J, defined by Eq. (30), has been evaluated for an isotropic flux 
environment and is shown by Fig. 6 as a function of impact velocity and mete- 
oroid density. A similar J factor has been evaluated (Ref. 47) for a near-Earth 
orbital environment by assuming the flux to vary longitudinally and latitudinally, 
as shown in Fig. 1 and 2, with a selected penetration model described by Eq. (13). 
However, as pointed out in Section IIA, the time errposure in the very-near-Earth 
environment for most interplanetary trajectories is relatively small, and for com- 
putation simplicity, the longitudinal flux variations may be neglected by simply 
integrating the flux exposure to yield the mean flux value. Furthermore, the flux 
direction, for all practical purposes, will most probably be isotropic. 

19 
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IMPACT VELOCITY Vp. kmlsec 

Fig. 6. Factor J vs meteoroid velocity for 
meteoroid-density parameters 

The armor thickness required for a near-Earth orbital 
mission may be evaluated by Eq. (33) when proper 
values for the parameters are introduced. These values 
may be selected as follows: 

1. Equation (7) adopts the a and ,8 values at 
6.62 X and 1.34, respectively (Ref. 19). The 
a value is not corrected for the Earth's shielding 
effect. 

2. The power 'p is equal to %I (Ref. 46). 

3. The factor J is selected as 0.6814 at U = 22 km/sec. 

4. The mean impact velocity is assumed to be 22 

5. The average meteoroid density p,,(t,) = 0.443 g/cc. 

6. The H t  for materials most generally used for space- 

km/sec. 

craft will be assumed to be 110 kg/mm2. 

7. The target density generally ranges from about 1.9 
to 7.7 g/cc. 

When these selected values are introduced into Eq. 
(33), and p r  takes on units of g/m3, the armor thickness 
A, in meters may be expressed as 

where K ,  is a factor that includes the density character- 
istic of the target material. Numerical values are shown 
in Fig. 7. 

P,, g/cc 

Fig. 7. Factor K8 vs target-material density 
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IV. A METEOROID FLUX-INTENSITY PROFILE FOR A PLANETARY MISSION 

Suppose that a planetary mission to Jupiter is to be 
performed by a conceptual nuclear-electric spacecraft 
(Ref. 48). There are three phases of flight trajectory 
which must be considered for this spacecraft. As shown 
in Fig. 8, there is the spiral-out to escape, the heliocentric 
trajectory, which includes the asteroid region, and the 
planetary rendezvous and spiral-in to desired orbit. The 
meteoroid concentrations and spatial distribution cover- 
ing the damaging size range of meteoroids in these zones 
have been discussed in Section 11. 

During the initial flight period, the spacecraft becomes 
vulnerable to the Earth's meteoric hazard when the aero- 
dynamic shroud of the booster is ejected. This may occur 
at an altitude of about 45 km and at a time period of 
under 3 min after launch. The time required after launch 
to reach 1008 km is about 2.5 min. The spiral-out trajec- 
tory to escape the Earth commences at about 6 hr after 
launch. Since the spiral-out-to-escape phase takes over 
70 days, the time period of the initial trajectory phases 
of booster-spacecraft is relatively so small that they may 
be neglected for this study. Thus the spacecraft shall be 
assumed to commence its spiral-out-to-escape trajectory 
at the altitude of the greatest meteoroid concentration 
(geocentric distance of 6436 km) so that a more severe 
meteoric flux exposure may be evaluated. 

The spacecraft trajectory during the spiral-out from 
Earth is shown by Fig. 9. The variable-thrust optimum 

SPIRAL-OUT- 10- 
ESCAPE PHASE I 

I 
I 
I 

HELIOCENTRIC ' \ 'k TRAJECTORY 

A L- IN - TO- 0 R B I T PH AS E -- JUPITER 
ORBIT 

Fig. 8. Jupiter orbiter mission plan 

trajectory calculations are based on a typical spacecraft 
initial acceleration of m/sec2 (Ref. 49). Point a, 
shown in Fig. 9, is the approximate point at which transi- 
tion from the spiral-out to heliocentric transfer occurs. 
This trajectory is typical for almost all interplanetary 
and planetary missions and will be assumed as such for 
this study. 

TIME t. days 

Fig. 9. Spiral-out from Earth trajectory 
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Table 3. Spacecraft heliocentric trajectories 

Planet 

Dlar 

tercury 

'enur 

Aarr 

lupiter 

iaturn 

Uranus 

Neptune 

Pluto 

Type of 
mission 

Probe 

Flyby 

Encounter 

Encounter 

Encounter 

Encounter 

Flyby 

Flyby 

Flyby 

Time", 
days 

0 
32 
64 

128 
2 24 
256 
272 
280 

48 
96 

128 
142 

32 
64 

128 
162 

64 
128 
160 
199 

64 
160 
320 
51 2 
645 

96 
192 
352 
5 76 
736 
935 

96 
192 
384 
51 2 
640 
76 8 
932 

288 
5 76 
780 

1024 
1202 

192 
384 
576 
768 
992 

1184 
1394 

'Time i s  from Earth escape (75 days). 
blnitial rpaucraft acceleration i s  1 V  m/sac'. 

Solar distanceb, 
10.' km 

149.6 
152.5 
163.4 
193.4 
162.6 
103.3 
049.7 
014.96 

145.2 
114.3 
071.9 
057.9 

146.8 
137.3 
1 1  1.6 
108.2 

162.0 
193.4 
206.5 
216.0 

160.9 
262.8 
501.5 
723.8 
778.3 

184.4 
324.1 
632.2 

1064.1 
1302.0 
1427.0 

184.0 
345.6 
848.9 

1264.3 
1724.9 
2216.7 
2869.6 

588.0 
1570.7 
2535.0 
3607.6 
4496.6 

351.2 
892.7 

161 6.7 
2484.3 
3633.1 
4696.4 
5900.0 
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The heliocentric trajectory can be quite accurately 
obtained by knowing the specified performance of the 
spacecraft and the respective solar and planetary gravita- 
tional forces. The heliocentric trajectory for various 
missions, including that for the Jupiter mission, is de- 
scribed in Table 3. The entire trajectory profile for a 
Jupiter orbiter mission is shown in Fig. 10. 

MISSION TIME, days 

Fig. 10. Jupiter orbiter mission trajectory 

When the spacecraft is captured by a planet, it will 
assume kinematics defined by the following equations 
(Ref. 50): 

The planetocentric distance Rp is 

(39) 

where a is the major radius of the elliptical orbit, and e 
is the true-anomaly angle. 

The spacecraft velocity vale relative to the planet is 

where p is a gravitational parameter for the planet. 

The eccentricity E of the orbit is 
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where Rpl and Rp, are the farthest and nearest planet& 
centric approaches, respectively. 

The spacecraft elliptical orbit around Jupiter is selected 
to have a perigee of 800,OOO lun and an eccentricity of 
0.5. From Eq. (39)-(41), the planetocentric distance- 
time profile may be found and incorporated to obtain 
the meteoroid flux-intensity profile for an orbital cycle. 

characteristics and distribution defined by the meteoroid 
model. This exposure may be normalized and expressed 
as a flux intensity provided that the flux gradient at any 
given time is identical to the referenced flux gradient. 
The meteoroid model includes this conditional assump- 
tion. 

The profile of the normalized flux intensity Z(t) from 
Earth to the vicinity of Jupiter is estimated by the 
incorporation of the meteoroid model, the spacecraft 
trajectory (Fig. lo), and Eq. (36) described in Section 111. 
The integration of this profile, shown in Fig. 11, for the 

The instantaneous meteoroid flux encountered by a 
spacecraft during an interplanetary mission may be syn- 
thesized from the mission trajectory and the meteoroid 

IO0 

Io-‘ 

10-2 

10-3 

 IO-^ 

10-5 

IO+ 

IO-’ 

MISSION TIME, days 

Fig. 11. Jupiter orbiter flux-intensity profile 
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Fig. 12. lunar encounter flux-intensity profile 
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10-71 

Jupiter orbiter mission, results in the total meteoric dam- 
age exposure used to evaluate the protection requirement 
ratio LR. 

I 

The profile shown in Fig. 11 indicates that a very 
marked decline of flux intensity exists at two zones: 
during the transition from spiral-out from Earth to helio- 
centric transfer and at rendezvous with the target planet. 
At these two zones, the spacecraft's velocity vector is 
almost equal to a direct heliocentric circular equilibrium 
condition. Based on the meteoroid model, meteoroids are 
also in a direct heliocentric circular equilibrium condi- 
tion. Since the probable number of meteoroids intercepted 
is proportional to the relative velocity of the spacecraft 
in its trajectory and the meteoroids, the meteoric flux is 
greatly reduced at these two zones, which causes the 
sharp decline of the intensity shown in Fig. 11. Another 

Fig. 13. Solar probe flux-intensity 
profile 

reason for the sharp decrease of flux intensity is that the 
damaging effect of the meteoroid particle is significantly 
decreased at these resultant mean impact velocity levels. 

Flux-intensity profiles for other interplanetary missions 
are shown in Fig. 12-20. In Fig. 14, the point marked 
X is that point at which the spacecraft would encounter 
Mercury. From point X, if the proper guidance is em- 
ployed, a spiral-in to a highly elliptical orbit may be 
made, similar to that shown for Jupiter. Venus and Mars 
orbiter profiles, shown in Fig. 15 and 16, respectively, 
assume circular orbits. Their spiral-in trajectories are 
described in Table 4. 

The technique developed in Section I11 uses these 
profiles to evaluate the system protection requirement 
necessary to resist meteoroid penetration damage. 

- . - 
4 

IO O 

10-1 

10-2 

 IO-^ 

10-5 

ORBIT DATA 
PERIGEE, 3220 km 
ECCENTRICITY, 0.9 
ORBIT PERIOD, 5.26 days 
CYCLES, 3 
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Table 4. Spacecraft planetary spiral-in trajectories 

I Planet 
Time', 
days 

Capture 
2 

12 
22 
32 
4 2  
52  
62 
72  

~ 

.Spamuaft deceleration i s  10-9 m/seP. 

Altitude, 
1 o-' m 

- 
007.5 
1 17.6 
44.2 
21.7 
12.2 
6.1 
2.9 
0.0 

Planet 

Mars 

~ 

Time", 
days 

Capture 
4 
9 

14 
19 
24 
29 
34 

Altitude, 
IO-' rn 

- 
140.2 
40.2 
17.1 

8.6 
4.5 
2.2 
0.8 

Fig. 15. Venus orbiter flux-intensity profile for 
various circular orbits 

MISSION TIME, days 

Fig. 16. Mars orbiter flux-intensity profile for 
various circular orbits 
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IO0 

lo-' 

10-2 

10-3 

- . - 
L1 

10-4 

10-6 

lo-' 
300 io00 liW im 1300 1400 is00 

MISSION TIME, days 

Fig. 17. Uranus probe flux-intensity profile 

10-2 

- . 
i; 

10- 

IO* 

10- 
0 1 0 0  200 300 400 500 600 700 800 300 IO00 llW 1200 I300 1400 1500 

MISSION TIME, days 

Fig. 18. Saturn orbiter flux-intensity profile 
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10- ’ 

10-2 

10-3 

- - - 
L.l 

 IO-^ 

IO+ 

10-6 

100 200 300 400 500 600 700 800 900 1000 IO0 1200 I300 400 1500 
IO-’ 

MISSION TIME, days 

Fig. 19. Neptune probe flux-intensity profile 

MISSION TIME, days 

Fig. 20. Pluto probe flux-intensity profile 
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V. PROTECTION REQUIREMENT ESTIMATES 

A. Vulnerable Area 
The vulnerable area of a nonoccluded component, 

when exposed in a uniform and isotropic flux environment, 
is simply the outside surface area A,. However, the com- 
ponent’s outer wall, of a finite thickness, has an inte- 
grated probability of no catastropic impacts P ( , )  in this 
same meteoroid flux. Let this component have a variable 
wall thickness A(A). The P ( o )  term can be computed by 
integrating Eq. (31) over the entire outside surface, as 
follows: 

where K ,  is a constant which combines the physical and 
material parameters as defined by Eq. (31). 

If the mean wall thickness of the component is A, and 
the desired overall probability of no catastrophic impacts 
is P ( , ) ,  it can be shown by Eq. (31) that the effective 
vulnerable area Aeff is 

Then 

A valid comparison of the relationship of Aeff with A, 
in Eq. (44) will be obtained if the probabilities of no 
catastrophic impacts by a mass of m or greater are equal; 
namely, P ( o )  = F( , ) .  Eq. (44) then becomes 

(45) 

The vulnerable area per tube and unit tube length for a 
nonoccluded tube-fin geometry may be approximated by 

Aeff = = * O D -  26 

where 6 is the root thickness of the fin and does not 
exceed M of the outside tube diameter O x .  If 6 does 
exceed this limit, then Eq. (45) should be used to obtain 
a better estimate of Aeff. 

6. Heat-Rejection Radiator Mass 
A heat-dissipation system is required for a nuclear- 

electric power-generating system. Heat rejection to the 
space environment by a thermal radiator is found to be 
the most effective method for the range of most proposed 
nuclear-electric systems. A typical SOO-kwe nuclear- 
electric spacecraft (Ref. 48), shown in Fig. 21, can be 
designed to capably perform all the interplanetary m i s -  
sions designated in Table 3. The components most 
vulnerable to meteoric hazards are the heat-rejection 
radiators. There are three such radiator systems: (1) the 
primary (condensing) radiator for the 2-loop power- 
generation thermodynamic cycle; (2) the subcooler radia- 
tor required for the alternator equipment cooling; and 
(3), the secondary radiator employed for electronic com- 
ponent cooling. Of the three systems, the primary radiator 
is found to be the most vulnerable to meteoroid impact 
because of its larger area. When armored by the usual 
methods, which use a constant near-Earth flux, the pri- 
mary radiator mass may be as much as 33% of the total 
mass of the power-generating system, and as much as 
15% of the total spacecraft mass. Therefore, the primary 
radiator, because of its critical vulnerability and mas- 
siveness, requires careful design attention. 

A finned tube is the most economical geometry for heat 
rejection at the radiator temperature level proposed for 
this spacecraft (Fig. 21). The optimum transfer-tube con- 
figuration can be shown to be cylindrical. The average 
primary radiator heat-rejection tube temperature is rated 
at 1200°F. Beryllium is utilized for the armor and constant- 
temperature gradient fin (Ref. 51). The columbium liner 
thickness, rated to be about 4% of the inside tube 
diameter to meet intube-fluid compatibility requirements, 
is assumed to not contribute any protection against mete- 
oroid impact damage. The vapor supply and condensate 
headers are constructed of columbium to be structurally 
compatible with the tube liner used. Beryllium is not 
applied to the headers since they are rated to possess 
sufficient armor protection comparable to the radiator 
tube criterion. The biform primary radiator is divided 
into six sections on each side. The tube lengths in all the 
sections are the same so that uniform and better- 
controlled vapor-condensate fluid flow may be achieved. 

The vulnerable area for the primary radiator was 
found by evaluating Eq. (46). The armor thicknesses A~ 
are obtained from Eq. (38) for various near-Earth orbital 
mission times and are shown in Table 5 for a P ( , )  = 0.95. 

29 



JPL TECHNICAL REPORT NO. 32-410 

Fig. 21. 500-kwe nuclear-electric space cruiser 

From the listed protection requirement ratios 9, the 
armor thicknesses A, for various described missions are 
obtained and also shown in Table 5. 

Should the radiator systems be standardized to offer 
mission flexibility, the radiator armor thickness will 
remain essentially constant regardless of the selected 
mission. This radiator system would offer a different 
probability of no catastrophic impacts for each selected 
mission. The standardized armor thickness should be 
specified such that a reasonable minimum designed prob- 
ability of no catastrophic damage will result for the mis- 
sion containing the greatest expected meteoroid hazard. 
For less hazardous missions, the probability of no cata- 
strophic damage would increase. For instance, a standard- 
ized armor thickness of 1 mm (40 mils) would yield a 
P(o)  of about 0.71 for the primary radiator system during 
a Venus orbital mission, and a P ( o )  of about 0.93 for a 
Saturn mission. The P ( o )  estimates for all the missions 
are shown in Table 5 for standardized armor thicknesses 
of beryllium varying from 1 to 3 mm. 

When the operating reliability of the power-generating 
system includes meteoroid impact effects, particularly 
the probability of no catastrophic impacts of the radiator 
system, the overall system reliability is decreased. If the 
estimated P,o,  value is low, the overall system reliability 
is seriously affected. An increase of the standardized 
armor thickness of the radiator system produces only a 
slight increase in system mass but a large increase of 
system reliability. For instance, if the armor thickness is 
changed from 1 to 3 mm, the total power-generating 
system mass is increased by about 10%. However, the 
probability of no catastrophic impacts is increased by 
orders of magnitude, as shown in Table 5, for all inter- 
planetary missions. It is for this reason that generous 
armor thicknesses are recommended. 

Furthermore, the major armor problem may not neces- 
sarily lie in large mass requirements, but rather in the 
development and fabrication of configurations which re- 
sult in lightweight elements for component systems of 
planetary and interplanetary spacecraft. Fabrication 
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Armor thickness for 
constant probability, 

P(e) rz 0.95 
Near- 

Mission 

A*. 
cm 

A*. 
cm 

Table 5. Summary of protection requirement ratio 9 for planetary and interplanetary missions 

Robability for no failure for 
various annor thicknesses, 

Annor thickness, 
cm 

0.100 0.200 0.300 

I Mission I Spacecmft 
time' 

1, 
d a y  

Mission Mission 
terminal 
massb, 

Ib 

time' 

1, 
d a y  

terminal 
massb, 

Ib 

Solar probe (to 0.1 AU) 

Mercury orbit (elliptical) 

355 14000 

235 141 00 

Neptune probe I 1277 I 15200 

Venus orbit (circulor), 1 0 0 0  km 
2500 km 
5000 km 

Marsorbit (circular), 1O00 km 
2500 km 
5000 km 

Asteroid probe (to 5.2 AU) 

Jupiter orbit (elliptical) 

Uranus probe 

Saturn orbif (eiiiptical) 

Out of ecliptic, 20° 
30' 
40' 

Pluto probe I 1469 I 12300 ~ 

~~ ~~ 

417 15400 

417 15400 

440 16500 

833 1 SO00 

1007 12500 

1060 12400 

417 15500 
13200 
loo00 

Lunar encounter 80 18100 I 
.Propulsion time. 
blnitial mass in orbit i s  20,ooO Ib. 
cBased on 31.0 m'. Armor material is  beryllium. 

Protection 
requirement 

ratio, 

T 

0.503 

0.566 

0.779 
0.730 
0.496 

0.481 
0.480 
0.479 

0.516 

0.432 

0.435 

0.4 15 

0.478 

0.406 

0.397 
~ 

0.720 

0.198 0.100 I 0.9509 I 0.9969 I 0.9994 

Oil79 0.101 I 0.9479 I 0.9967 I 0.9994 

0.206 0.1 60 0.7098 0.9791 0.9959 
0.150 0.7675 0.9938 0.9968 
0.102 1 0.9456 I 0.9966 1 0.9993 

0.206 0.099 0.9520 0.9970 0.9994 
0.099 1 0.9523 1 0.9970 I 0.9994 
0.099 0.9526 0.9970 0.9994 

~~ 

0.209 0.108 I 0.9330 I OS957 I 0.9992 

0.245 0.106 I 0.9378 I 0.9960 I 0.9992 

0.256 0.111 I 0.9237 I 0.9951 I 0.9990 

0.260 0.108 1 0.9330 I 0.9957 I 0.9992 

0.206 o m l  0.9528 0.9970 ; .  
0.272 0.1 10 0.9264 0.9953 

0.282 0.1 12 0.9228 0.9951 
~ 

0.137 ~ 0.099 [ 0.9528 I 0.9970 I 0.9994 

techniques may require armor thicknesses greater than 
those specified by the spacecraft system design require- 
ment, resulting in a higher degree of resistance to cata- 
strophic impact damage than necessary. 

C .  Penetration and Spalling 

The results shown in Table 5 for each specified inter- 
planetary mission are based on the penetration resistance 
of meteoroid impact damage. The 9 values shown are 
directly applicable for estimating the protection require- 
ments for the resistance of spallation. This is accom- 
plished by simply modlfylng the value of K, of Eq. (11) 
to include the spalling phenomenon. The value of Kl 
for flat surfaces is generally suggested to be 2.0. How- 
ever, consideration should be given to the component's 

geometry and material differences. An example is the 
radiator tube. Its convex liner is enveloped by armor 
which presents a discontinuity to impact-energy trans- 
mission because of the existing interface between the 
two different materials, thereby reducing the potential 
damage. 

D. €rosion 
Abrasive action by cosmic dust particles is most 

troublesome to optical surfaces and coatings designed for 
temperature-control requirements (Ref. 15). To find the 
erosion caused by the expected meteoric hazard for the 
integrated time exposure for any mission, the erosion 
rate (&/&)e (Ref. 52, 53) for a near-Earth flux environ- 
ment and the normalized flux-intensity profile Z ( t )  must 
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be known. The estimated erosion for any defined inter- 
planetary mission may be expressed as 

(47) 

The flux-intensity profiles, shown in Fig. 11-20, indi- 
cate that the major erosive damage to spacecraft com- 
ponents is most likely to occur during the early phase of 
mission flight, i.e., the spiral-out to escape phase. The 
remaining phases of the mission are relatively free from 
this type of hazard, except for very near planetary orbital 

phases. If erosion-sensitive-type surfaces are rated pri- 
marily for the heliocentric transfer trajectory, allowance 
must be made to compensate for the probable erosion 
during the spiral-out to escape phase. 

Zodiacal light measurements, Fig. 4, reveal that the 
flux intensity of the abrasive dust particles is much more 
sensitive to geocentric distance than assumed by the 
meteoroid model. This phenomenon, when considered, 
would yield smaller _c,2 values than those obtained in 
this study. However, the values shown in Table 5, when 
substituted into Eq. (47), will yield conservative results 
for the erosion magnitude of spacecraft systems during 
interplanetary and planetary missions. 

VI. DISCUSSION 

The meteoroid model, defined in Section IIE, suggests 
that the meteoroid concentration found in interplanetary 
space located near 1 AU solar distance, and in the eclip- 
tic plane, is of the concentration found in the near 
vicinity of the Earth for the damaging-size particles 
under Consideration. Assume that there is one order of 
magnitude of uncertainty concerning this concentration 
difference. Suppose, then, a second meteoroid model is 
constructed and defined as follows : the particle concen- 
tration in the same interplanetary space location is lo-' 
of that found in the near vicinity of the Earth, and the 
particle concentration in the asteroid region is 10 times 
as intense as the concentration found in the interplanetary 
region. Furthermore, suppose that a third meteoroid 
model is constructed to assign a greater degree of uncer- 
tainty to the selected meteoroid model. This third model 
may be defined as follows: the particle concentration in 
the interplanetary space near 1 AU solar distance is 10-' 
of that found in the near vicinity of the Earth, and the 
particle concentration in the asteroid region is three times 
as intense as that found in the interplanetary region. The 
protection requirement ratios 31 for a mission may be 
computed for the latter two model criteria, 

The 9 values as a function of the different models for 
three missions are listed in Table 6 for a system proba- 
bility of no catastrophic impacts P ( " )  of 0.95. The results 
in Table 6 show that the change in the 9 values is small, 
relative to appreciable degrees of model uncertainty. 
This indicates that the meteoric hazard of the interplane- 
tary space environment is not a governing hazard for an 
interplanetary mission because of the lower concentration 
of meteoroidal particles found in this region. Data from 
existing satellites, space probes, and the recent Mariner 2 
spacecraft appear to confirm that the meteoroid hazard 
in interplanetary space is of a significantly lower order 
of magnitude than may have been expected. 

A spacecraft trajectory out of the plane of the ecliptic 
is likely to minimize frequent meteoroid impacts for an 
interplanetary mission, since sporadic meteoric debris is 
predominately concentrated within 20 deg of the ecliptic 
plane. For an example, consider a Saturn orbiter mission 
which has a trajectory inclined greater than 20 deg to 
the ecliptic plane. The 9 value for this mission will 
decrease only about 0.07% compared to that value found 
for a mission which has a trajectory in the plane of the 

32 



JPL TECHNICAL REPORT NO. 32-410 

Mission 

Venus orbiter (1000 km) 
Jupiter orbiter (elliptical) 
Saturn probe 

Table 6. Results of protection requirement ratio L?l 
a s  a function of model uncertainty 

T values for various meteoroid models 

Selected model Second Third 
(Section IIE) model' model' 

0.779 0.779 0.790 
0.432 0.434 Q.403 
QAl5 0.417 Q.470 

'There models ore defined in Section 6. 

ecliptic. It may then be surmised that utilizing a trajec- 
tory out of the ecliptic plane to decrease the magnitude 
of the interplanetary meteoric hazard is not economical, 
especially when considering the propellant requirement 
necessary to accomplish an out-of-the-ecliptic trajectory. 

The meteoroid model suggests that Venus possesses a 
large planetary meteoric hazard. However, since there is 
most likely less meteoric debris inside the solar distance 
of 1 AU than the meteoroid model suggests, the ex- 
pected planetary meteoric hazard for both Venus and 
Mercury missions may be significantly less. Also, plane- 
tary meteoric debris may be more sensitive to planeto- 
centric distance as suggested by zodiacal light studies. 
Thus, the values found for these missions (Table 
5), which include the planetary meteoric hazard esti- 
mated by the model, are considered to be conservative. 

The selected values for the parameters K,,  K5, and 
in the penetration made1 (Eq. 16) which are employed in 

this study, are assumed to be applicable for most space- 
craft materials exposed to an impact process. There may 
be a degree of uncertainty as to the generalized applica- 
tion of these values. However, any error in the 9 value 
resulting from the use of inexact values for these param- 
eters is greatly reduced, since the penetration model is 
normalized [i.e., Eq. (36)l. Furthermore, because all the 
variables and parameters are each normalized in this 
analysis, it is believed that any reliable penetration 
model, if substituted for the selected penetration model, 
would yield results very similar to those obtained in this 
analysis. 

Since the meteoroid model assumes that the meteoroid 
flow direction is isotropic, the armor requirement rating 
should be based on the nonoccluded vulnerable area of 
a component regardless of its orientation in space. How- 
ever, sporadic meteoroids predominately travel in helio- 
centric orbits near the plane of the ecliptic at small 
inclinations in interplanetary space. Since the probability 
of encountering meteoroid impact by sporadic cometary 
debris is significantly greater than for any other type of 
meteoric matter, it is reasonable to assume that less 
damaging impacts are likely to occur if the vulnerable 
surface is positioned parallel to the ecliptic plane and 
follows a trajectory of direct motion. Therefore, it is most 
likely that a flat spacecraft configuration oriented parallel 
to the ecliptic plane will possess a smaller number of 
probable catastrophic impacts by sporadic meteoric 
debris than if the configuration were oriented perpen- 
dicular to the ecliptic plane. 
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VII. CONCLUSION 

Armor requirements for the resistance of meteoroid 
penetration during interplanetary missions are found to 
be a fraction of that required for a near-Earth orbiter 
mission due to the expected decrease in meteoric con- 
centration in the space traversed. 

This study suggests that the escape-from-Earth phase 
contributes relatively the greatest hazard of meteoroid 
impact damage to interplanetary spacecraft for all the 
selected missions except the low-altitude Venus orbiter. 
For example, the hazard potentials during the Jupiter 
orbiter mission are found (Fig. 11) to have the following 
fractions of the total armor thickness requirement: escape 
from Earth, 80.64% ; interplanetary space, essentially 
none; asteroid region, 19.20% ; planetary orbital phase, 
0.12%. Furthermore, the flux intensity decreases with an 
increased geocentric distance. It is therefore beneficial 
to deshroud the spacecraft at higher altitudes to mini- 
mize the number of probable meteoroid impacts. 

Proposed high-power generation systems assume the 
requirement for higher operating temperature levels pri- 

marily to decrease the very massive heat-rejection sys- 
tem. For interplanetary missions this constraint may be 
relaxed, since armor thicknesses are sufficiently reduced. 
A tradeoff to a lower heat-rejection temperature may, 
therefore, be employed to produce a higher cycle effi- 
ciency and, consequently, less total heat dissipation. Be- 
cause protection requirements for interplanetary missions 
are reduced, either higher probabilities of no catastrophic 
damage by meteoroid impacts can be achieved, or less 
massive spacecraft systems can be utilized for the scien- 
tific exploration of interplanetary and planetary space. 

Errors covering the measurement of meteoroidal 
characteristics may be minimized by gathering more 
complete information to which developed statistical 
procedures may better be applied to describe the many 
variations and average overall state of meteoric particles. 
Thus, when better data covering meteoric debris in the 
regions traversed by exploratory spacecraft are known, 
their incorporation would enable a refinement of the 
results of this study. 
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